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Abstract: The purpose of this study was to examine age-related differences in muscle performance in
women divided into young (YW, 20–39 years, n = 29) middle-aged (MAW, 40–59 years, n = 33), and
older (OW, ≥60 years, n = 40) age groups. Methods: Hand grip strength, vertical jump performance,
and knee extensor (KE) strength (0 deg/s, 60 deg/s, and 240 deg/s), speed of movement (SoM; at
1 Nm, 20%, 40%, and 60% isometric strength), and endurance (30-repetition test at 60 degs/s and
240 deg/s) were assessed. Computed tomography-acquired muscle cross-sectional area (mCSA) was
measured and included to determine specific strength (KE strength/mCSA). Results: Hand grip
strength was similar across groups, while jump performance declined with age (YW and MAW > OW,
p < 0.001). KE strength declined significantly with age (all conditions p < 0.01), while specific strength
was similar across groups. SoM was significantly higher for YW and MAW compared to OW (both
p < 0.01). An age × velocity interaction revealed YW KE endurance was similar between conditions,
whereas MAW and OW displayed significantly better endurance during the 60 deg/s condition. OW
displayed impaired KE endurance at 240 deg/s (vs. YW and MAW, p < 0.01) but improved at 60 deg/s
(vs. YW, p < 0.01). Dynamic torque decline increased with age (YW < OW, p = 0.03) and was associated
with intramuscular adipose tissue (r = 0.21, p = 0.04). Conclusions: Performance declines were most
evident among OW, but few performance deficits had emerged in MAW. Interestingly, strength
declines disappeared after normalizing to mCSA and endurance appears to be velocity-dependent.
Keywords: aging; dynamometry; muscle; strength; women’s health
1. Introduction
The simultaneous reduction in muscle performance and mass with aging (i.e., sarcope-
nia) is associated with numerous adverse health events [1,2]. Interestingly, aging induces
considerable strength declines [2,3], whereas declines in velocity/speed of movement (SoM)
are less affected [4,5], and changes in endurance may be task/velocity-dependent [6,7].
Further, age-related changes in specific strength (strength normalized to site-specific muscle
mass) remain unclear as previous results display comparable or lower specific strength
among older adults [8–12]. However, recent evidence suggests that age-related differences
in specific strength for women may be contraction-dependent since specific strength calcu-
lated from isometric knee extension performance was similar between young and older
cohorts but older women displayed significantly lower specific strength when calculated
from dynamic knee extension performance [10]. Nevertheless, for older adults, low muscle
performance, mass, and specific strength are associated with adverse health events, mortal-
ity and increased healthcare costs [13–19]. Such associations warrant better comprehension
of age-related changes in muscle performance.
Regarding low skeletal muscle performance and mass, women appear to generate
greater healthcare costs than men [17,20]. One factor causing this difference may be
Int. J. Environ. Res. Public Health 2021, 18, 4477. https://doi.org/10.3390/ijerph18094477 https://www.mdpi.com/journal/ijerph
Int. J. Environ. Res. Public Health 2021, 18, 4477 2 of 12
conflicting age-related trajectories of muscle performance. Isokinetic dynamometry is often
used in clinical and research settings to quantify muscle performance. Often, testing is
completed in the isometric and isokinetic modes. The former measures strength at a fixed
angle, whereas the latter measures dynamic strength across a specific range of motion at
a constant velocity. Interestingly, although men and women display similar age-related
reductions in lower extremity isometric strength, women display declines in dynamic
strength significantly earlier than men [21]. Considering the importance of dynamic
strength for completing activities of daily living [15,22], this contrasting difference is
critical for maintaining physical performance during aging. Importantly, the authors noted
the few available data examining high-velocity dynamic contractions (>180 deg/s), which
ultimately limited such comparison. In contrast to the abovementioned contraction modes,
isotonic contractions are performed with a predetermined load where SoM (deg/s) can be
acquired and previous research reveals SoM may represent the most vital characteristic
related to functional decline [16,23]. These gaps provide impetus to further examine
age-related changes in high-velocity dynamic contractions and SoM.
To the best of our knowledge, only one study has examined skeletal muscle perfor-
mance (strength, SoM, and endurance) and mass in young, middle-aged, and older women,
which presents a gap in the current literature. Charlier et al. [4] observed declines of ~30%
for knee extension strength, 13% for knee extensor SoM, and 40% for muscular endurance
between young (18–30 years) and older (60–70 years) women. Men were also examined
but the observed declines in muscle performance for women surpassed those for men.
However, muscle endurance was limited to one contraction velocity (180 deg/s), there was
no measure of specific strength, nor was a relatively emerging measure, dynamic torque
decline calculated. Dynamic torque decline, the percent torque decline from slow to fast
isokinetic contraction velocities, is thought to reflect age-related qualitative changes in
skeletal muscle [24,25]. Despite such proposition, to our knowledge, only one previous
study has linked poor muscle quality (via echo intensity) to dynamic torque decline [24],
however, no previous research has examined the associations between dynamic torque
decline and muscle cross-sectional area or adipose tissue in young middle-aged and older
women, presenting an additional gap in the literature.
To extend previous research, we examined age-related changes in muscle performance
and composition in women divided into young (20–39 years), middle-aged (40–59 years),
and older (≥60 years) age groups. Our primary aim was to examine the influence of age
on muscle performance measured by hand grip strength, vertical jump performance, and
dynamometric knee extensor muscle performance. Knee extensor muscle performance was
quantified via isometric strength, isotonic SoM, isokinetic strength (at 60 and 240 deg/s),
and isokinetic endurance (at 60 and 240 deg/s). Our secondary aims included the exam-
ination of age-related changes in (i) specific strength, (knee extension strength relative
to muscle cross-sectional area) and (ii) dynamic torque decline; and to (iii) examine the
associations between dynamic torque decline and muscle composition. We hypothesized:
(i) overall, muscle performance would decline with age; (ii) specific strength would be simi-
lar across age groups for isometric strength but not for isokinetic strength; and (iii) dynamic
torque decline would increase with age and be associated with muscle composition.
2. Materials and Methods
2.1. Participants
A convenience sample of 102 women were divided into young (YW; 20–39 years,
n = 29, 29.6 ± 6.3 years), middle-aged (MAW; 40–59 years; n = 33, 50.6 ± 5.5 years), and
older groups (OW; ≥60 years; n = 40, 69.3 ± 7.9 years). All YW and OW were pre- or
postmenopausal, respectively, whereas 48% (16/33) of MAW were premenopausal. Partici-
pants were classified as moderately active [26] self-reporting an average of 4.5 ± 1.6 days
of exercise per week (range 2–7 days; YW: 4.5 ± 1.7 days; MAW: 4.7 ± 1.4 days; and OW:
4.5 ± 1.7 days, p = 0.91) but exercise did not exceed 1hour/day. All participants completed
two laboratory-devised questionnaires first detailing demographic information and second
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regarding menstrual status (current status and previous history). Additionally, participants
completed two validated physical activity questionnaires [26,27]. These questionnaires
were completed during the initial visit to verify inclusion and exclusion criteria. Specific
exclusion criteria consisted of the following: (i) training for a competitive event; (ii) cur-
rently smoking; (iii) known underlying chronic diseases; (iv) recent musculoskeletal injury
(≤12 months); (v) stature exceeding bioimaging scanning guidelines; and (vi) current or
previous exogenous hormone use. Participants were provided details outlining the risks
and benefits associated with participation and provided written informed consent prior
to completing study related procedures. This study was approved by the University of
Oklahoma Institutional Review Board (No. 9838).
2.2. Study Design
Participants completed four visits which included: Visit 1—written consent, blood
pressure reading, questionnaires, and muscle performance familiarization; Visit 2—bio
imaging assessments, then muscular performance testing; and Visits 3 and 4—repeated
muscle performance testing for reliability analyses. Muscle performance familiarization
trials during Visit 1 consisted of participants performing each muscle performance testing
procedure beginning with submaximal attempts (~50% maximal effort) and progressed
to completing two to three near maximal efforts. During familiarization, participants
were provided verbal instructions and then completed each test under supervision to
demonstrate competency. During the familiarization trials, participant orientation was
recorded to ensure consistent participant orientation across trials. Visits 2–4 were each
separated by 7–10 days and were completed at similar times (±1 h) within the same
participant. Prior to each testing visit, participants were asked to consume a light snack
and to refrain from exercising at least 48-h prior to the scheduled visit.
2.3. Bioimaging Assessments
Height and weight were measured using a wall-mounted stadiometer (Novel Prod-
ucts, Rockton, IL, USA) and digital electronic scale (Tanita Inc., Arlington Heights, IL,
USA), respectively. Before scanning, hydration status was determined with a urine refrac-
tometer (VEE GEE CLX-1, Rose Scientific Ltd., Edmonton, AB, Canada) to determine if
participants met acceptable hydration levels [28]. Dual energy X-ray absorptiometry (DXA,
Lunar Prodigy, GE Healthcare, Madison, WI, USA) measured total body composition
and were performed and analyzed by the same trained technician (enCORE software,
v16 GE Healthcare, Madison, WI, USA). Peripheral quantitative computed tomography
(pQCT, XCT3000, v6.00 Stratec Medizintechnik gmbH, Pforrzheim, Germany) measured
muscle cross-sectional area (mCSA, cm2) and intramuscular adipose tissue (IMAT, %), at
the participant’s right 40% femur site determined as the distance from the top of the greater
trochanter to the end of the lateral condyle of the tibia. During scans, participants sat
upright with their right leg extended through the pQCT gantry. Immediately following
the scan, visual inspection determined whether excess movement was observed [29] and
if so, the scan was repeated. Due to excessive movement, pQCT data was unavailable
for one MAW. Specific strength was calculated as knee extensor torque divided by thigh
mCSA (e.g., isometric strength/mCSA) as suggested previously [30]. Prior to each scanning
visit, DXA and pQCT quality assurance procedures were performed using manufacturer
provided calibration phantoms for both bioimaging devices. Coefficient of variation (%CV)
values from our laboratory for DXA and pQCT fat and muscle parameters are 1.21–3.97%
and 1.40–2.92%, respectively.
2.4. Hand Grip Strength and Jump Performance
Hand grip strength was measured using a Jamar dynamometer (Sammons Preston,
Bolingbrook, IL, USA) in the seated position for both hands. Participant hand grip span
was self-selected during the familiarization trials and was recorded and kept consistent
across testing visits. When testing, participants were asked to squeeze the device as hard
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as possible for three seconds then 30 s rest was provided before completing the next trial
in the alternate hand. Three trials were performed for each hand and the maximal value
across all trials for either hand was included in the analyses. The intraclass correlations
coefficient (ICC) for hand grip strength was ICC2,1 0.94.
Vertical jump velocity and power were measured via Tendo FiTRODYNE (Tendo
Machines, Trencin, Slovak Republic). Participants were instructed to descend to a self-
selected depth and then jump as high as possible with an unrestricted arm swing motion.
Three trials were performed at each testing visit, with each trial separated by 60 s. Mean
jump power (Watts) and jump velocity (m/s) values across visits 3 and 4 were included
in the analyses. Relative jump power was calculated as jump power divided by body
weight (Watts/kg). Test–retest reproducibility across participants for jump power and
jump velocity were ICC2,k: 0.85 and 0.91, respectively.
2.5. Dynamometric Performance Assessments
Muscle performance of the right knee extensors was measured via isometric, isotonic,
and isokinetic dynamometry (Biodex Systems 3, Shirley, NY, USA). Participant positioning
and orientation followed manufacturer guidelines. The knee was fixed at 90◦ during iso-
metric contractions, whereas the dynamic contractions had a range of motion from 90–160◦.
Participants completed muscle performance testing in the following order: (1) isometric
contractions; (2) isotonic contractions; and (3) isokinetic contractions at 60 deg/s then
240 deg/s. A five-minute rest was provided between contraction modes, while 10 min
rest was provided between isokinetic contraction velocities. For isometric testing, three,
five-second contractions were performed, each separated by 60 s, where mean torque in
Newton meters (Nm) was derived. Isotonic testing was performed against four external
loads consisting of 1Nm and 20%, 40%, and 60% of the participant’s isometric maximum.
Participants performed three, maximal ballistic knee extension contractions against each
load in ascending order. Each contraction was separated by 60 s and one-minute rest
was provided between different external loads. Mean velocity (deg/s) was derived from
isotonic contractions. Isokinetic testing consisted of 30 reciprocal knee extension–flexion
contractions at 60 deg/s and 240 deg/s. Mean torque (Nm) derived from the first three
knee extension repetitions was included in the current analyses and dynamic torque decline
was calculated as the percent decline in torque from 60 deg/s to 240 deg/s (i.e., greater
values represent greater percent decline from torque at 60 deg/s vs. 240 deg/s. Muscular
endurance was calculated from the total amount of work performed during the first and last
ten repetitions calculated as follows: (100 - [work from last 10 repetitions/work from first
10 repetitions) × 100] = % decrease). This value is calculated within the Biodex software
and a greater value represents lower muscular endurance [31]. Mean values across Visits 3
and 4 (six total trials for isometric strength, isotonic SoM, and isokinetic strength, two for
muscular endurance) were included in the current analyses. Based on the mean-rating, the
absolute-agreement, two-way mixed-effects model revealed that all tests achieved at least
moderate reliability (all ICC2,k: ≥0.74) [32].
2.6. Statistical Analyses
Statistical analyses were performed using R Studio 3.6.1 (R Foundation, Vienna, Aus-
tria) and values are displayed as mean ± SD. One-way analyses of covariance (ANCOVA)
examined participant characteristics, hand grip strength, vertical jump performance, and
dynamic torque decline adjusted for height. Next, several two-way (contraction condition
× age) mixed factorial analyses of covariance (ANCOVA) compared dynamometric muscle
performance across age groups with height as a covariate. When significant differences
were observed (p < 0.05), post-hoc comparisons were performed using the Bonferroni
correction to adjust for multiple comparisons. Pearson’s correlation and partial correlation
coefficients (adjusted for age) examined associations between muscle composition (mCSA
or IMAT) and dynamic torque decline. Prior to examining associations, dynamic torque
decline and IMAT were log-transformed to approximate normal distributions.
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3. Results
3.1. Participants
Table 1 presents the participant characteristics. Groups differed significantly in age
(YW < MAW < OW; all p < 0.001). Height displayed a significant effect for age (p = 0.004),
which indicated that MAW were significantly taller than OW (p < 0.01) but not YW. Figure 1
presents individual body and thigh composition parameters. Bone free-lean mass and
percent fat displayed significant group effects (both p ≤ 0.004). More specifically, YW and
MAW displayed significantly greater bone free-lean mass than OW (both p < 0.01), while
the fat percentage was significantly higher in OW compared to YW (p < 0.01). Significant
group effects were observed for each of the midthigh composition parameters (all p < 0.001).
Muscle cross-sectional area was significantly different across all groups (YW > MAW > OW;
all p < 0.01), whereas thigh IMAT was significantly greater in the OW compared to both
YW and MAW (both p < 0.01).
Table 1. Participant Characteristics by Age Group.
Parameter Young Women Middle-Age Women Older Women Age Effect 1 Post-hoc
Participants (n) 29 33 40 – –
Age (years) 29.6 ± 6.3 50.6 ± 5.5 69.3 ± 7.9 <0.001 YW < MAW < OW
Height (cm) 166.3 ± 6.7 166.6 ± 6.9 161.8 ± 6.7 0.004 MAW > OW
Weight (kg) 65.5 ± 7.9 69.3 ± 12.0 64.6 ± 10.4 0.140 Nc
Body mass index (kg/m2) 23.7 ± 3.1 25.0 ± 4.7 24.7 ± 3.6 0.392 Nc
Total Physical Activity 24.5 ± 30.6 24.9 ± 21.4 17.8 ± 19.2 0.366 Nc
Bone free-lean mass (kg) 40.2 ± 5.2 40.4 ± 5.0 36.4 ± 4.6 0.077 Nc
Fat Percent (%) 30.7 ± 6.2 33.6 ± 8.4 36.7 ± 6.9 0.031 YW < OW
Thigh mCSA (cm2) 104.5 ± 16.5 91.8 ± 15.2 76 ± 14.1 <0.001 YW > MAW > OW
Thigh IMAT (%) 4.2 ± 1.9 5.4 ± 2.3 7.2 ± 2.7 <0.001 YW and MAW < OW
Jump power (Watts) 1129.5 ± 215.4 1045.1 ± 159.1 751.0 ± 220.3 <0.001 YW and MAW > OW
Jump velocity (m/s) 1.3 ± 0.2 1.2 ± 0.1 1.0 ± 0.2 <0.001 YW and MAW > OW
Relative jump power (Watts/kg) 17.5 ± 4.2 15.7 ± 4.2 12.0 ± 4.4 <0.001 YW and MAW > OW
Abbreviations: cm—centimeters, kg—kilograms, kg/m2—kilograms per meters squared, m/s—meters per second, mCSA—muscle
cross-sectional area, IMAT—intramuscular adipose tissue, YW—young women, MAW—middle-age women, OW—older women, NC—
no post-hoc comparison. 1—Post-hoc presents significant pairwise comparisons at p < 0.0167 for body/thigh composition and jump
performance. Bold values are significant.
3.2. Hand Grip Strength and Vertical Jump Performance
There was no difference in hand grip strength across age groups (YW: 30.3 ± 4.8 kg;
MAW: 30.1 ± 4.4 kg; and OW: 27.2 ± 4.3 kg; all p > 0.03). Vertical jump performance
displayed significant group effects (Table 1, all p < 0.001). Post-hoc analyses revealed YW
and MAW displayed significantly greater absolute and relative jump power and jump
velocity compared to OW (all p < 0.01), while similar performance was noted between YW
and MAW (all p > 0.09).
3.3. Dynamometric Muscle Performance
Figure 2 Panels A–D and Supplementary Table S1 displays knee extensor dynamo-
metric performance. Absolute torque displayed a significant age × condition interaction
(p < 0.001, η2p: 0.19). Post-hoc analyses revealed that all three groups displayed signifi-
cantly different (all p < 0.01) absolute isometric and isokinetic torque (both 60 deg/s and
240 deg/s) compared to the alternative groups (YW > MAW > OW, all p < 0.01). Addition-
ally, all three groups displayed significantly different absolute torque across conditions
(0 deg/s > 60 deg/s > 240 deg/s, all p < 0.01). Knee extensor SoM did not reveal a sig-
nificant group × condition interaction (p = 0.07, η2p : 0.04) or condition effect (p = 0.39,
η2p : 0.01), but displayed a significant group effect (p < 0.01 η2p: 0.30). Collapsed by group,
post-hoc analyses revealed YW and MAW displayed significantly greater SoM than OW
(both p < 0.01), while YW and MAW displayed similar SoM (p = 0.09).
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compared to OW (p < 0.01) but MAW were similar to both YW and OW (p = 0.07 and
p = 0.08, respectively). At 240 deg/s, all three groups displayed significantly different
declines compared to the alternative groups (all p < 0.01). Within groups, YW displayed
similar percent decline between conditions (p = 0.20), whereas MAW and OW displayed
significantly greater percent decline during the 240 deg/s condition (both p < 0.01).
Specific strength displayed a significant group × velocity interaction (p = 0.05, η2p : 0.06).
Post-hoc analyses did not detect significant group differences for specific strength at 0 deg/s
(YW: 1.7 ± 0.3 Nm/cm2; MAW: 1.8 ± 0.4 Nm/cm2; OW: 1.6 ± 0.4 Nm/cm2) 60 deg/s
(YW: 1.3 ± 0.2 Nm/cm2; MAW: 1.3 ± 0.3 Nm/cm2; OW: 1.3 ± 0.3 Nm/cm2) or 240 deg/s
(YW: 1.0 ± 0.2 Nm/cm2; MAW: 1.0 ± 0.2 Nm/cm2; OW: 0.9 ± 0.3 Nm/cm2). Last, for all
groups specific strength was significantly different across conditions (1.7 ± 0.4 Nm/cm2,
1.3 ± 0.3 Nm/cm2, 1.0 ± 0.2 Nm/cm2 for 0, 60, and 240 deg/s, respectively, all p < 0.01).
Significant group differences were detected for dynamic torque decline (YW: 22.9 ± 9.4%;
MAW: 25.2 ± 12.4%; and OW: 29.5 ± 13.4%, p = 0.03). Post-hoc analyses revealed YW
displayed significantly lower dynamic torque decline compared to OW (p = 0.01), while
MAW displayed similar dynamic torque declines to both YW and OW (p = 0.75 and
p = 0.03, respectively). Dynamic torque decline was significantly associated with IMAT
(r = 0.27, p = 0.01), whereas mCSA was not (r = −0.11, p = 0.26). After adjusting for age,
the association between dynamic torque decline and IMAT remained significant (r = 0.20,
p = 0.04).
4. Discussion
The purpose of the current study was to examine age-related differences in skeletal
muscle performance, composition, and specific strength across the adult female lifespan.
Our primary observations indicate: (i) lower extremity absolute strength decreased signifi-
cantly with ascending age groups (YW > MAW > OW, all p < 0.01); (ii) jump performance
and knee extension SoM were similar between YW and MAW, but was significantly lower
in OW compared to YW and MAW (all p < 0.01); (iii) increasing age affects knee exten-
sor muscular endurance, as shown in Figure 2C by the percentage decline in force, in a
velocity-dependent manner; (iv) knee extensor specific strength was similar across age
groups highlighting the importance of mCSA in torque production; and (v) dynamic torque
decline in OW was significantly greater than YW (p < 0.01) and was associated with IMAT
(p = 0.04).
Hand grip strength did not differ across the three groups. Based on normative values,
hand grip strength for the YW and MAW were in the 75th percentile compared to the 90th
percentile for OW [33]. Considering the prognostic value of hand grip strength [34,35], the
percentile differences may reflect current health status (e.g., healthier subset of OW com-
pared to YW and MAW) and help explain the preserved hand grip strength with increasing
age. Supporting previous work, vertical jump performance declined with age [36,37]. Jump
performance declines were likely driven by a speed component (i.e., acceleration or SoM)
since body mass was similar across groups. It is also possible the observed declines in
knee extensor strength may also contribute. Interestingly, maintained jump performance
in MAW may reflect maintained velocity which may have compensated for significant
strength declines. Nevertheless, vertical jump tests provide unique clinical and practical
relevance since the test provides a simultaneous and coordinated assessment of parame-
ters dependent upon an individual’s body weight, which is also the same resistance that
individuals encounter during activities of daily living. As such, recent observations from
the Hertfordshire Cohort Study suggest that vertical jump parameters are more sensitive
indicators of fall risks than traditional physical function tests (e.g., timed up and go, hand
grip strength, etc.) [38].
Collectively, age-related strength declines of the lower extremity were similar across
conditions (0 deg/s: 34%; 60 deg/s: 27%; 240 deg/s: 33%) but exceeded those for SoM
(11–21%). These observations parallel previous results in women [4,5,39] and collectively
suggest that strength rather than SoM displays greater declines with age in women. Such
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observations contain practical relevance that may help guide intervention optimization. For
example, since muscular power (strength × SoM) is an integral component for successful
aging [40,41], the larger declines in strength may represent a more modifiable performance
attribute towards augmenting muscular power. These suggestions are bolstered by recent
systematic review and meta-analytic work illustrating the positive relationship between
load magnitude and bone response in postmenopausal women [42,43]. Therefore, pre-
scribing high loads may not only augment muscular adaptations but may also provide an
osteoprotective stimulus.
To date, few studies have examined muscle endurance across the lifespan with scarce
data from women [4,44–46]. Our results highlight the influence of age and velocity on
muscle endurance. Presumably, age-related changes in muscle fiber type [47] may provide
an advantage for older adults during the 60 deg/s condition. In contrast, muscle endurance
declined (greater percent decline) across increasing age groups during the 240 deg/s
condition. Declines during the 240 deg/s condition may reflect metabolite accumulation,
which can limit muscular performance through a variety of mechanisms, such as inhibiting
crossbridge cycling, affecting calcium kinetics, and reducing force per crossbridge, among
other consequences [48–52]. Collectively, these observations support previous notions that
age-related changes in muscle endurance are influenced by contraction velocity [53–55]
and that potential advantages during low-velocity condition may not be transferred to
high-velocity tasks requiring muscle endurance.
Previous research posits dynamic torque declines may reflect age-related differences
in skeletal muscle quality [24,25]. Supporting previous research, we observed signifi-
cant declines in dynamic torque decline with age [24,25]. However, the current results
extend previous findings since we included a middle-aged group, ultimately showing
such deficits arise at older ages. Interestingly, Gerstner et al. [24] reported greater echo
intensity (lower muscle quality) was associated with larger dynamic strength declines.
Herein, we also report qualitative changes in skeletal muscle (increased IMAT) with age
that were significantly associated with larger dynamic torque decline, ultimately sup-
porting the aforementioned hypotheses. However, to our knowledge, we are the first to
identify this association, thus additional research is needed to bolster this novel result.
Further evidence for this association may encourage the development for lifestyle—or
pharmacological-based intervention that targets IMAT as a therapeutic target towards
improving physical function and muscle strength. Additionally, future research should
examine whether dynamic torque declines reflect physical performance better than a sin-
gle contraction (i.e., 0 deg/s or 60 deg/s), which contains pertinent prognostic value for
identifying at-risk individuals.
The current observations suggest specific strength is not affected by age. Such results
persisted across isometric and isokinetic (60 and 240 deg/s) conditions, suggesting that
contraction type may not influence specific strength. Regarding isometric specific strength,
our findings support previous observations among women [4,8,10,56–58], which lends
support that mCSA is a primary contributor to muscle strength in women. However, in
contrast to our results, although Charlier et al. [4] reported no age-related differences in
isometric specific strength, increasing age resulted in significant declines in specific strength
at 60 deg/s and 240 deg/s. Methodological differences, such as distinct approaches for
determining specific strength presumably contribute to the different observations. Specifi-
cally, Charlier et al. [4] used skeletal muscle index (lean mass/height) to normalize strength
whereas the current study used mCSA. Nevertheless, the ambiguity surrounding specific
strength determination underscores the need to determine a standardized assessment [59].
However, previous research demonstrates that independent of muscle mass, muscle perfor-
mance (i.e., strength, SoM, and endurance) is as capable as specific strength in conveying
physical status [13–16,60–62]. Such observations ultimately challenge the clinical utility of
specific strength.
Our study contained notable strengths, such as the inclusion of women, a traditionally
underrepresented group of participants in biomedical research [63]. Further, numerous
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practical (i.e., hand grip strength and vertical jump) and laboratory-based (dynamometric
performance, DXA, pQCT) muscle measures were assessed, in turn providing an exten-
sive examination of age-related changes. Further, participants were generally healthy,
recreationally active females, which may more effectively reflect trajectories of natural
aging [64]. However, the current study contains limitations worth mentioning. First, these
are cross-sectional observations from a relatively small number of healthy females, thus
inferring causal relationships with age or similar patterns in alternative populations would
be inappropriate. Given the sample size, it is possible age-related changes in specific
strength went undetected due to its small effect. Second, we did not examine additional
factors known to influence age-related changes in muscle performance and composition
(e.g., hormones and dietary intake). Third, muscle performance tests were not randomized
across participants, thus there is a chance that fatigue accumulation may influence the
current results. Nevertheless, the noted limitations provide avenues for future research.
5. Conclusions
In summary, the current observations suggest that (i) strength declines exceed those
for SoM; (ii) muscle endurance, but not specific strength, is velocity-dependent; and (iii)
dynamic torque decline increases with age and is associated with IMAT. Collectively, these
observations may provide insight towards optimizing current lifestyle interventions among
OW where deficits became most evident. For example, interventions designed to maintain
muscle composition (i.e., maximize mCSA retention and minimize IMAT accumulation)
may help attenuate age-related declines in muscle performance. Further, it is possible that
interventions designed to improve absolute torque production (i.e., strength) rather than
SoM may confer greater benefit given the larger age-related declines differences between
YW and OW. Importantly, further research is needed to support the novel observation
regarding the association between dynamic torque decline and IMAT.
Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijerph18094477/s1, Table S1: Summary of Dynamometric Muscle Performance.
Author Contributions: R.M.M.: Conceptualization, Methodology, Formal analysis, Investigation,
Data curation, Writing—original draft, Visualization; E.D.S.F.: Conceptualization, Methodology,
Formal analysis, Investigation, Data curation, Writing—Review & Editing, Visualization; A.D.H.:
Conceptualization, Methodology, Formal analysis, Investigation, Data curation, Writing—Review
& Editing, Visualization; K.M.P.: Data curation, Writing—Review & Editing; S.R.B.: Conceptual-
ization, Methodology, Formal analysis, Investigation, Data curation, Writing—Review & Editing,
Visualization; J.M.K.: Writing—Review & Editing; H.M.P.: Writing—Review & Editing; D.A.B.:
Writing—Review & Editing, Supervision; M.G.B.: Writing—Review & Editing, Supervision. All
authors have read and agreed to the published version of the manuscript.
Funding: This research received no external funding.
Institutional Review Board Statement: This study was approved by the University of Oklahoma
Institutional Review Board (No. 9838).
Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.
Acknowledgments: The authors would like to thank the numerous undergraduate students that
assisted in all aspects of the current study. Additionally, we would like to acknowledge that financial
support was provided from the Office of the Vice President for Research and Partnerships and the
Office of the Provost, University of Oklahoma.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Rosenberg, I.H. Sarcopenia: Origins and clinical relevance. Clin. Geriatr. Med. 2011, 27, 337–339. [CrossRef] [PubMed]
2. Cruz-Jentoft, A.J.; Bahat, G.; Bauer, J.; Boirie, Y.; Bruyère, O.; Cederholm, T.; Cooper, C.; Landi, F.; Rolland, Y.; Sayer, A.A.; et al.
Sarcopenia: Revised European consensus on definition and diagnosis. Age Ageing 2019, 48, 16–31. [CrossRef] [PubMed]
Int. J. Environ. Res. Public Health 2021, 18, 4477 10 of 12
3. Larsson, L.; Degens, H.; Li, M.; Salviati, L.; Lee, Y.I.; Thompson, W.; Kirkland, J.L.; Sandri, M. Sarcopenia: Aging-related loss of
muscle mass and function. Physiol. Rev. 2019, 99, 427–511. [CrossRef] [PubMed]
4. Charlier, R.; Mertens, E.; Lefevre, J.; Thomis, M. Muscle mass and muscle function over the adult life span: A cross-sectional
study in Flemish adults. Arch. Gerontol. Geriatr. 2015, 61, 161–167. [CrossRef] [PubMed]
5. Van Roie, E.; Van Driessche, S.; Inglis, A.J.; Thomis, M.; Delecluse, C. Rate of power development of the knee extensors across the
adult life span: A cross-sectional study in 1387 Flemish Caucasians. Exp. Gerontol. 2018, 110, 260–266. [CrossRef]
6. Hunter, S.K.; Pereira, H.M.; Keenan, K.G. The aging neuromuscular system and motor performance. J. Appl. Physiol. 2016, 121,
982–995. [CrossRef]
7. Avin, K.G.; Law, L.A.F. Age-related differences in muscle fatigue vary by contraction type: A meta-analysis. Phys. Ther. 2011, 91,
1153–1165. [CrossRef] [PubMed]
8. Akima, H.; Kano, Y.; Enomoto, Y.; Ishizu, M.; Okada, M.; Oishi, Y.; Katsuta, S.; Kuno, S. Muscle function in 164 men and women
aged 20-84 yr. Med. Sci. Sports Exerc. 2001, 33, 220–226. [CrossRef]
9. Metter, E.J.; Lynch, N.; Conwit, R.; Lindle, R.; Tobin, J.; Hurley, B. Muscle quality and age: Cross-sectional and longitudinal
comparisons. J. Gerontol. Biol. Sci. 1999, 54, B207–B218. [CrossRef]
10. Chambers, T.L.; Burnett, T.R.; Raue, U.; Lee, G.A.; Finch, W.H.; Graham, B.M.; Trappe, T.A.; Trappe, S. Skeletal muscle size,
function, and adiposity with lifelong aerobic exercise. J. Appl. Physiol. 2020, 128, 368–378. [CrossRef]
11. Jubrias, S.A.; Odderson, I.R.; Esselman, P.C.; Conley, K.E. Decline in isokinetic force with age: Muscle cross-sectional area and
specific force. Pflug. Arch. Eur. J. Physiol. 1997, 434, 246–253. [CrossRef]
12. Moore, A.Z.; Caturegli, G.; Metter, E.J.; Makrogiannis, S.; Resnick, S.M.; Harris, T.B.; Ferrucci, L. Difference in muscle quality over
the adult life span and biological correlates in the baltimore longitudinal study of aging. J. Am. Geriatr. Soc. 2014, 62, 230–236.
[CrossRef]
13. Newman, A.B.; Kupelian, V.; Visser, M.; Simonsick, E.M.; Goodpaster, B.H.; Kritchevsky, S.B.; Tylavsky, F.A.; Rubin, S.M.; Harris,
T.B. Strength, but not muscle mass, is associated with mortality in the health, aging and body composition study cohort. J.
Gerontol. A Biol. Sci. Med. Sci. 2006, 61, 72–77. [CrossRef]
14. Volaklis, K.A.; Halle, M.; Meisinger, C. Muscular strength as a strong predictor of mortality: A narrative review. Eur. J. Intern.
Med. 2015, 26, 303–310. [CrossRef]
15. Roshanravan, B.; Patel, K.V.; Fried, L.F.; Robinson-Cohen, C.; de Boer, I.H.; Harris, T.; Murphy, R.A.; Satterfield, S.; Goodpaster,
B.H.; Shlipak, M.; et al. Association of Muscle Endurance, Fatigability, and Strength with Functional Limitation and Mortality in
the Health Aging and Body Composition Study. J. Gerontol. A Biol. Sci. Med. Sci. 2017, 72, 284–291. [CrossRef]
16. Van Roie, E.; Verschueren, S.M.; Boonen, S.; Bogaerts, A.; Kennis, E.; Coudyzer, W.; Delecluse, C. Force-velocity characteristics of
the knee extensors: An indication of the risk for physical frailty in elderly women. Arch. Phys. Med. Rehabil. 2011, 92, 1827–1832.
[CrossRef]
17. Steffl, M.; Sima, J.; Shiells, K.; Holmerova, I. The increase in health care costs associated with muscle weakness in older people
without long-term illnesses in the Czech Republic: Results from the Survey of Health, Ageing and Retirement in Europe (SHARE).
Clin. Interv. Aging 2017, 12, 2003–2007. [CrossRef] [PubMed]
18. Pinedo-Villanueva, R.; Westbury, L.D.; Syddall, H.E.; Sanchez-Santos, M.T.; Dennison, E.M.; Robinson, S.M.; Cooper, C. Health
Care Costs Associated with Muscle Weakness: A UK Population-Based Estimate. Calcif. Tissue Int. 2019, 104, 137–144. [CrossRef]
[PubMed]
19. Sedlmeier, A.M.; Baumeister, S.E.; Weber, A.; Fischer, B.; Thorand, B.; Ittermann, T.; Dörr, M.; Felix, S.B.; Völzke, H.; Peters, A.;
et al. Relation of body fat mass and fat-free mass to total mortality: Results from 7 prospective cohort studies. Am. J. Clin. Nutr.
2021, 639–646. [CrossRef]
20. Janssen, I.; Shepard, D.S.; Katzmarzyk, P.T.; Roubenoff, R. The healthcare costs of sarcopenia in the United States. J. Am. Geriatr.
Soc. 2004, 52, 80–85. [CrossRef] [PubMed]
21. Haynes, E.M.K.; Neubauer, N.A.; Cornett, K.M.D.; O’Connor, B.P.; Jones, G.R.; Jakobi, J.M. Age and sex-related decline of muscle
strength across the adult lifespan: A scoping review of aggregated data. Appl. Physiol. Nutr. Metab. 2020, 1–12. [CrossRef]
[PubMed]
22. Van Driessche, S.; Van Roie, E.; Vanwanseele, B.; Delecluse, C. Test-retest reliability of knee extensor rate of velocity and power
development in older adults using the isotonic mode on a Biodex System 3 dynamometer. PLoS ONE 2018, 13. [CrossRef]
23. Pojednic, R.M.; Clark, D.J.; Patten, C.; Reid, K.; Phillips, E.M.; Fielding, R.A. The specific contributions of force and velocity to
muscle power in older adults. Exp. Gerontol. 2012, 47, 608–613. [CrossRef]
24. Gerstner, G.R.; Giuliani, H.K.; Mota, J.A.; Ryan, E.D. Age-related reductions in muscle quality influence the relative differences in
strength and power. Exp. Gerontol. 2017, 99, 27–34. [CrossRef] [PubMed]
25. Jenkins, N.D.M.; Housh, T.J.; Palmer, T.B.; Cochrane, K.C.; Bergstrom, H.C.; Johnson, G.O.; Schmidt, R.J.; Cramer, J.T. Relative
differences in strength and power from slow to fast isokinetic velocities may reflect dynapenia. Muscle Nerve 2015, 52, 120–130.
[CrossRef] [PubMed]
26. Craig, C.L.; Marshall, A.L.; Sjöström, M.; Bauman, A.E.; Booth, M.L.; Ainsworth, B.E.; Pratt, M.; Ekelund, U.; Yngve, A.; Sallis, J.F.;
et al. International physical activity questionnaire: 12-Country reliability and validity. Med. Sci. Sports Exerc. 2003, 35, 1381–1395.
[CrossRef]
Int. J. Environ. Res. Public Health 2021, 18, 4477 11 of 12
27. Weeks, B.K.; Beck, B.R. The BPAQ: A bone-specific physical activity assessment instrument. Osteoporos. Int. 2008, 19, 1567–1577.
[CrossRef]
28. Pietrobelli, A.; Wang, Z.; Formica, C.; Heymsfield, S.B. Dual-energy X-ray absorptiometry: Fat estimation errors due to variation
in soft tissue hydration. Am. J. Physiol. Metab. 1998, 274, E808–E816. [CrossRef] [PubMed]
29. Blew, R.M.; Lee, V.R.; Farr, J.N.; Schiferl, D.J.; Going, S.B. Standardizing evaluation of pQCT image quality in the presence of
subject movement: Qualitative versus quantitative assessment. Calcif. Tissue Int. 2014, 94, 202–211. [CrossRef] [PubMed]
30. Francis, P.; Lyons, M.; Piasecki, M.; Mc Phee, J.; Hind, K.; Jakeman, P. Measurement of muscle health in aging. Biogerontology 2017,
18, 901–911. [CrossRef] [PubMed]
31. Biodex Medical Systems, Inc. Biodex System 3 Pro Application/Operation Manual; Shirley: New York, NY, USA; Available online:
http://www.biodex.com/sites/default/files/835000man_06159.pdf (accessed on 1 March 2021).
32. Koo, T.K.; Li, M.Y. A guideline of selecting and reporting intraclass correlation coefficients for reliability research. J. Chiropr. Med.
2016, 15, 155–163. [CrossRef] [PubMed]
33. Wang, Y.C.; Bohannon, R.W.; Li, X.; Sindhu, B.; Kapellusch, J. Hand-grip strength: Normative reference values and equations for
individuals 18 to 85 years of age residing in the United States. J. Orthop. Sports Phys. Ther. 2018, 48, 685–693. [CrossRef] [PubMed]
34. Bohannon, R.W. Muscle strength: Clinical and prognostic value of hand-grip dynamometry. Curr. Opin. Clin. Nutr. Metab. Care
2015, 18, 465–470. [CrossRef] [PubMed]
35. Bohannon, R.W. Grip strength: An indispensable biomarker for older adults. Clin. Interv. Aging 2019, 14, 1681–1691. [CrossRef]
[PubMed]
36. Runge, M.; Rittweger, J.; Russo, C.R.; Schiessl, H.; Felsenberg, D. Is muscle power output a key factor in the age-related decline in
physical performance? A comparison of muscle cross section, chair-rising test and jumping power. Clin. Physiol. Funct. Imaging
2004, 24, 335–340. [CrossRef]
37. Siglinsky, E.; Krueger, D.; Ward, R.E.; Caserotti, P.; Strotmeyer, E.S. Effect of age and sex on jumping mechanography and other
measures of muscle mass and function. J. Musculoskelet. Neuronal Interact. 2015, 15, 301–308.
38. Parsons, C.M.; Edwards, M.H.; Cooper, C.; Dennison, E.M.; Ward, K.A. Are jumping mechanography assessed muscle force and
power, and traditional physical capability measures associated with falls in older adults? Results from the hertfordshire cohort
study. J. Musculoskelet. Neuronal Interact. 2020, 20, 168–175.
39. Van Driessche, S.; Delecluse, C.; Bautmans, I.; Vanwanseele, B.; Van Roie, E. Age-related differences in rate of power development
exceed differences in peak power. Exp. Gerontol. 2018, 101, 95–100. [CrossRef]
40. Reid, K.F.; Clark, D.J.; Patten, C.; Carabello, R.; Cloutier, G.J.; Phillips, E.M.; Krivickas, L.S.; Frontera, W.R.; Fielding, R.A. Muscle
power failure in mobility-limited older adults: Preserved single fiber function despite lower whole muscle size, quality and rate
of neuromuscular activation. Eur. J. Appl. Physiol. 2012, 112, 2289–2301. [CrossRef]
41. Foldvari, M.; Clark, M.; Laviolette, L.C.; Bernstein, M.A.; Kaliton, D.; Castaneda, C.; Pu, C.T.; Hausdorff, J.M.; Fielding, R.A.;
Singh, M.A.F. Association of muscle power with functional status in community-dwelling elderly women. J. Gerontol. Med. Sci.
2000, 55, M192–M199. [CrossRef] [PubMed]
42. Kistler-Fischbacher, M.; Weeks, B.K.; Beck, B.R. The effect of exercise intensity on bone in postmenopausal women (part 1): A
systematic review. Bone 2021, 143, 115696. [CrossRef]
43. Kistler-Fischbacher, M.; Weeks, B.K.; Beck, B.R. The effect of exercise intensity on bone in postmenopausal women (part 2): A
meta-analysis. Bone 2021, 143, 115697. [CrossRef]
44. Bemben, M.G.; Massey, B.; Bemben, D.; Misner, J.; Boileau, R. Isometric intermittent endurance of four muscle groups in men
aged 20–74 yr. Med. Sci. Sports Exerc. 1996, 28, 145–153. [CrossRef]
45. Backman, E.; Johansson, V.; Hager, B.; Sjoblom, P.; Henriksson, K.G. Isometric muscle strength and muscular endurance in normal
persons aged between 17 and 70 years. Scandanavian J. Rehabil. Med. 1995, 27, 109–117.
46. Larsson, L.; Karlsson, J. Isometric and dynamic endurance as a function of age and skeletal muscle characteristics. Acta Physiol.
Scand. 1978, 104, 129–136. [CrossRef] [PubMed]
47. Roberts, B.M.; Lavin, K.M.; Many, G.M.; Thalacker-Mercer, A.; Merritt, E.K.; Bickel, C.S.; Mayhew, D.L.; Tuggle, S.C.; Cross,
J.M.; Kosek, D.J.; et al. Human neuromuscular aging: Sex differences revealed at the myocellular level. Exp. Gerontol. 2018, 106,
116–124. [CrossRef] [PubMed]
48. Sundberg, C.W.; Fitts, R.H. Bioenergetic basis of skeletal muscle fatigue. Curr. Opin. Physiol. 2019, 10, 118–127. [CrossRef]
[PubMed]
49. Allen, D.G.; Lamb, G.D.; Westerblad, H. Skeletal muscle fatigue: Cellular mechanisms. Physiol. Rev. 2008, 88, 287–332. [CrossRef]
[PubMed]
50. Longyear, T.J.; Turner, M.A.; Davis, J.P.; Lopez, J.; Biesiadecki, B.; Debold, E.P. Ca++-sensitizing mutations in troponin, Pi, and
2-deoxyATP alter the depressive effect of acidosis on regulated thin-filament velocity. J. Appl. Physiol. 2014, 116, 1165–1174.
[CrossRef]
51. Debold, E.P.; Fitts, R.H.; Sundberg, C.W.; Nosek, T.M. Muscle fatigue from the perspective of a single crossbridge. Med. Sci. Sports
Exerc. 2016, 48, 2270–2280. [CrossRef]
52. Sundberg, C.W.; Kuplic, A.; Hassanlouei, H.; Hunter, S.K. Mechanisms for the age-related increase in fatigability of the knee
extensors in old and very old adults. J. Appl. Physiol. 2018, 125, 146–158. [CrossRef] [PubMed]
Int. J. Environ. Res. Public Health 2021, 18, 4477 12 of 12
53. Callahan, D.M.; Kent-braun, J.A. Effect of old age on human skeletal muscle force-velocity and fatigue properties. J. Appl. Physiol.
2011, 111, 1345–1352. [CrossRef] [PubMed]
54. Dalton, B.H.; Power, G.A.; Vandervoort, A.A.; Rice, C.L. The age-related slowing of voluntary shortening velocity exacerbates
power loss during repeated fast knee extensions. Exp. Gerontol. 2012, 47, 85–92. [CrossRef] [PubMed]
55. McNeil, C.J.; Rice, C.L. Fatigability is increased with age during velocity-dependent contractions of the dorsiflexors. J. Gerontol.
Ser. A Biol. Sci. Med. Sci. 2007, 62, 624–629. [CrossRef] [PubMed]
56. Häkkinen, K.; Häkkinen, A. Muscle cross-sectional area, force production and relaxation characteristics in women at different
ages. Eur. J. Appl. Physiol. Occup. Physiol. 1991, 62, 410–414. [CrossRef]
57. Kent-Braun, J.A.; Ng, A.V. Specific strength and voluntary muscle activation in young and elderly women and men. J. Appl.
Physiol. 1999, 87, 22–29. [CrossRef]
58. Young, A.; Stokes, M.; Crowe, M. Size and strength of the quadriceps muscles of old and young women. Eur. J. Clin. Investig.
1984, 14, 282–287. [CrossRef]
59. Correa-de-Araujo, R.; Harris-Love, M.O.; Miljkovic, I.; Fragala, M.S.; Anthony, B.W.; Manini, T.M. The need for standardized
assessment of muscle quality in skeletal muscle function deficit and other aging-related muscle dysfunctions: A symposium
report. Front. Physiol. 2017, 8, 87. [CrossRef]
60. Soysal, P.; Hurst, C.; Demurtas, J.; Firth, J.; Howden, R.; Yang, L.; Tully, M.A.; Koyanagi, A.; Ilie, P.C.; López-Sánchez, G.F.; et al.
Handgrip strength and health outcomes: Umbrella review of systematic reviews with meta-analyses of observational studies. J.
Sport Health Sci. 2020, 1–6. [CrossRef]
61. García-Hermoso, A.; Cavero-Redondo, I.; Ramírez-Vélez, R.; Ruiz, J.R.; Ortega, F.B.; Lee, D.C.; Martínez-Vizcaíno, V. Muscular
Strength as a Predictor of All-Cause Mortality in an Apparently Healthy Population: A Systematic Review and Meta-Analysis of
Data From Approximately 2 Million Men and Women. Arch. Phys. Med. Rehabil. 2018, 99, 2100–2113.e5. [CrossRef]
62. Francis, P.; McCormack, W.; Toomey, C.; Lyons, M.; Jakeman, P. Muscle strength can better differentiate between gradations
of functional performance than muscle quality in healthy 50–70 y women. Braz. J. Phys. Ther. 2017, 21, 457–464. [CrossRef]
[PubMed]
63. Miller, V.M. Why are sex and gender important to basic physiology and translational and individualized medicine? Am. J. Physiol.
Hear. Circ. Physiol. 2014, 306, H781–H788. [CrossRef] [PubMed]
64. Harridge, S.D.R.; Lazarus, N.R. Physical activity, aging, and physiological function. Physiology 2017, 32, 152–161. [CrossRef]
[PubMed]
